Gamma-aminobutyric acid (GABA) and glutamate are implicated in numerous neuropsychiatric and substance abuse conditions, but their spectral overlap with other resonances makes them a challenge to quantify in humans. Gabapentin, marketed for the treatment of seizures and neuropathic pain, has been shown to increase in vivo GABA concentration in the brain of both rodents and humans. Gabapentin effects on glutamate are not known. We conducted a gabapentin (900 mg) challenge in healthy human subjects to confirm and explore its effects on GABA and glutamate concentrations, respectively, and to test the ability of single voxel localized proton magnetic resonance spectroscopy ( 1 H-MRS) to reliably measure GABA and glutamate in the visual cortex at the ultra-high magnetic field of 7 Tesla. Reproducibility of GABA and glutamate measurements was determined in a comparison group without drug twice within day and 2 weeks apart. Although GABA concentration changes were small both within day (average 5.6%) and between day (average 4.8%), gabapentin administration was associated with an average increase in GABA concentration of 55.7% (6.9-91.0%). Importantly, druginduced change in GABA levels was inversely correlated to the individual's baseline GABA level (R 2 ¼ 0.72). Mean glutamate concentrations did not change significantly with or without drug administration. In conclusion, localized 1 H-MRS at 7 Tesla can be successfully applied to the measurement of GABA concentration and is sensitive to acute drug-induced changes in cortical GABA. Whether baseline GABA concentrations predict clinical efficacy of gabapentin is an area worthy of exploration.
INTRODUCTION
Gamma-aminobutyric acid (GABA), the major neurotransmitter for fast inhibitory synaptic transmission and tonic inhibitory control, is present in 25-50% of all synapses (Sutoo et al, 2000) . L-glutamic acid (glutamate) is responsible for fast excitatory neurotransmission and is present at approximately 80% of brain synapses (Sutoo et al, 2000) . GABA is synthesized from glutamate by removal of a acarboxyl group by glutamic acid decarboxylase (GAD). The synthetic relationship between GABA and glutamate suggests that concentrations of each may be influenced by the other. Their widespread presence and utilization among neurons in the brain implicates both GABA and glutamate in practically all functions of the central nervous system, as well as in a wide-range of neuropsychiatric and substance abuse conditions, making them two of the most promising targets for pharmacologic drug development.
In humans, GABA and glutamate naturally occur in the range of 0.8 to 1.8 mM and 8 to 10 mM, respectively, and can be difficult to detect in vivo because of complicated spectral patterns and overlap with other resonances. Proton magnetic resonance spectroscopy ( 1 H-MRS) is a safe, noninvasive method for repeated measure of brain GABA and glutamate in human subjects that does not require radioactive tracers or dyes. 1 H-MRS has been applied to the study of GABA and/or glutamate in seizure disorders (Petroff et al, 1995 (Petroff et al, , 1996a , major depression (Price et al, 2009; Hasler et al, 2007; Sanacora et al, 1999 Sanacora et al, , 2004 Auer et al, 2000) , anxiety disorders (Hasler et al, 2009; Goddard et al, 2001) , premenstrual dysphoric disorder (Epperson et al, 2002) , schizophrenia (Kegeles et al, 2012; Marsman et al, 2011) , bipolar disorder (Benedetti et al, 2009) , nicotine, alcohol, and cocaine addiction (Epperson et al, 2006; Gomez et al, 2011; Licata and Renshaw, 2010) and neurodegenerative diseases such as Parkinson's Disease and Alzheimer's Disease (Griffith et al, 2008) . The majority of published in vivo human 1 H-MRS studies have been conducted at fields of 4 Tesla or less and have not included within day or between day reproducibility data for either GABA or glutamate. 1 H-MRS conducted at the ultra-high magnetic field of 7 Tesla has the advantage of detecting amino-acid neurotransmitters with greater sensitivity than is possible at 3 or 4 Tesla. GABA resonances overlap with those of glutamate, N-acetylaspartic acid (NAA), creatine, and macromolecules. To study the role of GABA and GABA-modulating drugs in the pathophysiology and treatment of brain disorders it is crucial to maximize the signal-to-noise ratio (SNR) and document reproducibility of GABA-editing methods. To date, only one group has reported GABA measurements using MEGA editing at 7 Tesla (Terpstra et al, 2002) focusing on methods for macromolecule suppression and not reproducibility or response to pharmacologic manipulation.
Gabapentin (l-(aminomethyl)cyclohexaneacetic acid; Neurontin) is approved by the United States Food and Drug Administration for the treatment of partial seizures (Honarmand et al, 2011) and postherpetic neuralgia (Edelsberg et al, 2011) . In addition, gabapentin has been found to be effective in prevention of frequent migraine headaches (Mathew et al, 2001 ) and other pain syndromes (Dallocchio et al, 2000; Rapchuk et al, 2010) . Gabapentin has been studied in bipolar disorder with less than optimal results (Cipriani et al, 2011) . Gabapentin is a lipophilic compound that was initially synthesized to mimic the chemical structure of GABA by addition of a cyclohexyl to its backbone (Honarmand et al, 2011) . Although it is rapidly absorbed, readily crosses the blood-brain barrier and is orally active in several animal models of epilepsy, gabapentin neither binds to GABA A or GABA B receptors nor is it metabolized to GABA (Goa and Sorkin, 1993; Kammerer et al, 2011; Taylor et al, 1992) . Research regarding gabapentin's effects on GABA and glutamate synthetic and metabolizing enzymes reveals a complex pattern of activity and provides an incomplete explanation for its anticonvulsant effects. Gabapentin stimulates GAD at drug concentrations of 1.0 to 2.5 mM (Silverman et al, 1991; Taylor et al, 1992) and inhibits the GABA-catabolizing enzyme, GABA-transaminase (GABA-T) at high concentrations (23-25 mM; Taylor et al, 1992) with relatively weak effects on GABA-T at lower concentrations of 10 mM (Goldlust et al, 1995) . Gabapentin increased GABA turnover in 11 out of 12 brain regions tested, but the temporal effect of the drug varied from region to region (Loscher et al, 1991) . Other possible mechanisms of action include inhibition of neuronal calcium influx (Fink et al, 2000) , binding to a 2 d calcium channel subunits (Gee et al, 1996) and activation of glutamate dehydrogenase (Cho et al, 1998) .
Although the mechanism of gabapentin therapeutic action is unclear, human subjects studies suggest that its administration leads to an overall increase in central GABA levels. In neocortical tissue extracted from individuals with intractable epilepsy, gabapentin administration resulted in 13% increase in cellular GABA concentrations (Errante et al, 2002) . Humans studied at 4.1T and 2.1T experienced an average 48% and 55% increase in occipital cortex GABA concentrations, respectively, when gabapentin was administered (Kuzniecky et al, 2002; Petroff et al, 1996b) . Several preclinical studies implicate neuronal (Mathews and Diamond, 2003) and astrocyte (Heja et al, 2009 ) glutamate uptake in the regulation of GABA synthesis and release. However, the impact of GABA-enhancing drugs on glutamate concentrations in vivo has not been previously investigated. Hence, the goal of the investigation described herein was to develop reliable 1 H-MRS methods for GABA and glutamate quantification at 7T that provide highly reproducible data and are sensitive to the detection of acute pharmacologic-induced changes in neurotransmitter levels.
MATERIALS AND METHODS

Subjects
Eleven healthy non-smoking males (mean±SD age; 27.5±7.2 years) underwent 1 H-MRS pre-and 2.5 h post-oral gabapentin administration (900 mg). The majority of the sample was Caucasian, two subjects were African American and one was Hispanic. Subjects were excluded if they met criteria for a present or past diagnosis of a psychiatric or substance abuse disorder according to the Structured Clinical Interview for Diagnosis for the DSM-IV, Non-Patient Version (First et al, 2002) . Subjects were also excluded if they had a positive urine toxicology, metallic implant, history of claustrophobia, a significant medical or neurological illness or use of any psychotropic medications within the previous 12 months. All subjects gave written informed consent for participation in this study protocol, which was approved by the institutional review board at the Perelman School of Medicine of the University of Pennsylvania. A subset of the subjects (n ¼ 6) who completed the gabapentin administration also participated in a study of the reproducibility of the MEGA-PRESS GABA-editing sequence (Bielicki et al, 2004; Mescher et al, 1998) . Ten subjects in total were scanned twice in the same day without drug administration, 13 were scanned twice 2 weeks apart. Scans were typically 60 min in duration and subjects relaxed under research staff supervision between scans on gabapentin test days.
MRS of GABA and Glutamate
All the experiments were performed on a Siemens 7T whole body scanner with a vendor supplied circularly polarized volume RF coil. Localized manual shimming of the B 0 field was performed on a brain voxel in the visual cortex (12 cc, Figure 1a ) to obtain localized water line width of B0.1 p.p.m. or less.
The acquisition protocol consists of a gradient echo localizer, a 3D Magnetization Prepared RApid Gradient Echo (MPRAGE) whole brain acquisition, 3D reformatting of the MPRAGE data and single voxel spectroscopy acquisitions from a voxel placed in the midline of the visual cortex. To minimize or avoid lipid contamination in the spectroscopy, the voxel was placed approximately 1 cm away from skull. For reproducibility studies, we used the MPRAGE images and custom-built voxel co-registration software derived from SPM to position voxels consistently between scans.
GABA-edited single voxel spectra (SVS) were obtained with a custom-modified Point-RESolved Spectroscopy (PRESS) sequence with MEGA-PRESS GABA-editing pulses (Bielicki et al, 2004; Mescher et al, 1998) that are frequency selective either at 1.9 p.p.m. to the GABA -CH 2 protons attached to C2 (edit 'on') or at 7.5 p.p.m. (edit 'off') and using following parameters: spectral width ¼ 4 kHz, number of points ¼ 2048, averages ¼ 100, echo time (TE) ¼ 0.069 s and repetition time (TR) ¼ 3 s. Water suppression was achieved with a variable power RF pulses with optimized relaxation delays (VAPOR) (Tkac et al, 1999) , which was played out before the SVS acquisition. Global and local baselines were removed using a recently published algorithm (Cobas et al, 2006) with manual setting of parameters. Macromolecular peaks centered at 3.8, 3.6, 1.9, 1.7, 1.5, 1.2, 1.0, and 0.7 p.p.m. were fitted for removing macromolecule contamination. Total acquisition time was 10 min.
Short TE SVS were obtained with a PRESS sequence using following parameters: spectral width ¼ 4 kHz, number of points ¼ 2048, averages ¼ 100, TE ¼ 20 ms and TR ¼ 3 s. Water suppression was achieved with VAPOR, which was played out before the SVS acquisition. Total acquisition time was 5 min. Water reference spectra was acquired by using short TE (20 ms) SVS with water suppression turned 'off' and 16 averages for total acquisition time of 48 s.
MRS Quantification
Custom-built spectroscopy processing packages were developed in MATLAB (R2007b, MathWorks, Natick, MA). In general, SVS spectra were processed from the raw free induction decay data by exponential apodization of 10 Hz for glutamate and 20 Hz for GABA to remove GABA spinspin splitting, Fourier transformation, phase correction, and baseline removal, followed by least-squared curve fitting as sum of Gaussian peaks.
GABA signals are buried under the creatine peak at 3 p.p.m. Subtraction of the two spectra with editing pulse 'off' and 'on' provides GABA signals (Figure 1b ) from -CH 2 protons attached to C3. GABA signal was then fitted as a single Gaussian function, whose integral was normalized to the creatine integral from the edit 'off' spectrum for quantification of GABA concentration assuming 8 mM creatine concentration in the brain (Choi et al, 2011; Rothman et al, 1984 Rothman et al, , 1993 Detre et al, 1991) .
For glutamate quantification, water suppressed SVS were fitted as a sum of Gaussian peaks manually positioned at locations corresponding to brain metabolites. The integration of 2.35 p.p.m. glutamate peak was normalized by water reference signal for glutamate quantification.
Statistical Analysis
One-way analysis of variance was performed using MA-TLAB to compare the differences in GABA and glutamate concentrations within day, between day, pre-and post-drug administration. Values are reported as mean±SD. Group differences were considered to be significant at the po0.05 level. Pearson's correlation analysis was performed to examine the relationship between change in GABA concentration with gabapentin administration and baseline GABA levels.
RESULTS
MEGA-PRESS GABA Editing
As depicted in Figure 1b , MEGA-PRESS GABA-edited sequences using a frequency selective inversion pulse on GABA -CH 2 at 1.9 p.p.m. decouples the J-coupling between its triplet at 3 p.p.m., creating higher signal at 3 p.p.m. The GABA-edited blue spectrum has higher amplitude than the edit 'off' spectra shown in red. Subtraction of these two spectra gives the GABA peak at B3 p.p.m.
Effects of Acute Gabapentin Administration
All 11 subjects completed the pre-and post-gabapentin scans without adverse effects although post-gabapentin data were lost from one subject because of motion during spectrum acquisition during the post-drug administration scan. Most subjects reported either no discernable effect of the drug or simply a feeling of being calm or mildly sleepy. Figure 2 shows representative GABA spectra where the GABA peak was estimated as a Gaussian function pre ( Figure 2a ) and post ( Figure 2b ) oral administration of gabapentin. GABA elevation post-drug administration is readily observed. Mean±SD pre-and post-gabapentin concentrations were 0.96 ± 0.28 and 1.43 ± 0.25 mM, respectively (Figures 3a and  4a ). As seen in Figure 3b , linear fitting of this variation as a function of the GABA concentration of the pre-gabapentin scan shows that the magnitude of change in GABA concentration was inversely correlated with baseline GABA levels (y ¼ À88.6x + 140.8, R 2 ¼ 0.72). Mean ± SD percent change in GABA concentrations from the pre-to postgabapentin scan was 55.7 ± 30.3% with concentration increases ranging from a low of 6.9% to a high of 91.0% (Figure 4a ). This is in stark contrast to the small percent change (5.6±3.2) observed within day when no gabapentin was administered (F ¼ 26.9; po0.0001, Figure 4b) .
Reproducibility of our GABA-editing methods is demonstrated by the similarity in mean GABA concentration between scans conducted in the same individual within day (0.99 ± 0.36 and 1.05 ± 0.34 mM, Figure 4b ) and between day (1.10±0.18 and 1.13±0.33 mM, data not shown). For those six men who also underwent gabapentin administration, the percent change in GABA within day without drug was similar (5.3±3.5%) to the entire group (5.6±3.2%). There was little correlation between change in GABA concentration within day and levels from the first within day scan when gabapentin was not administered (y ¼ À6.5x + 10.0, R 2 ¼ 0.16). Data were lost because of motion on one within day scan.
Glutamate data were not obtained on 2 of the 11 subjects undergoing gabapentin challenge in order to shorten the scan session (n ¼ 2). In two of the other subjects, the glutamate data suffered from motion artifact during that portion of the scan. Subjects underwent glutamate measurement within (n ¼ 9) and between day (n ¼ 8) without gabapentin administration to examine reproducibility of our methods. Glutamate concentrations ( Figure 5 ) were 11.19±0.91 mM before gabapentin administration and 11.10±1.69 mM postadministration, representing a mean percent difference of À2.92 ± 14.64% (ranges from À25.6 to + 18.1%). Within GABA and glutamate measurement in human subjects at 7 Tesla K Cai et al day glutamate levels were 10.65 ± 1.49 mM for scan 1 and 10.79 ± 1.03 mM and for scan 2 with an average variation 11.48±8.87% (ranges from 1.26 to 28.19%). Between day glutamate levels were 11.39 ± 1.11 mM on day 1 and 10.96 ± 1.43 mM on day 2 with an average variation 6.56 ± 4.69% (ranges from 1.43 to 13.49%).
DISCUSSION
Our finding that gabapentin acutely and robustly increases visual cortex GABA concentrations in most healthy subjects is consistent with two smaller studies, one conducted in healthy controls scanned at 4.1T (Kuzniecky et al, 2002) and one conducted in individuals with epilepsy scanned at 2.1T (Petroff et al, 1996b) . Similar to findings from Petroff et al, (1996a), we detected, on average, a 0.84 mM increase in GABA concentration with acute gabapentin administration, the magnitude of increase being inversely correlated with baseline GABA concentrations (Petroff et al, 2000) . Although this study was conducted in healthy controls, these data are relevant as previous studies have found little correlation between antiepileptic (gabapentin, topirimate, and vigabatrin) dose and seizure control (Petroff et al, 2006) . In contrast, the larger the increase in GABA concentration with acute administration of vigabatrin, a GABA transaminase inhibitor, the greater the seizure control in epileptic subjects . Whether the same relationship exists between seizure control and gabapentin induced increase in GABA concentrations has not been studied.
Not surprisingly, there appears to be a ceiling with respect to how high GABA concentrations can be pushed with antiepileptic administration and at which there is no additional benefit with respect to seizure control (Petroff et al, 1996a, c) . In our study, the highest GABA concentration obtained with gabapentin administration was 1.88 mM, representing a 79% increase from baseline. In other studies of healthy subjects and those with epilepsy, GABA concentrations were as high as 2.3 and 2.7 mM, respectively, within hours of ingesting gabapentin 1200 mg (Kuzniecky et al, 2002; Petroff et al, 2000) . The differences in final postdrug levels between our study and others is likely due to differences in baseline GABA levels, ours being lower, and variations in GABA concentrations reported from studies conducted a different magnetic field strengths.
Another important finding is that MEGA-PRESS GABAediting methods can be successfully applied to the acquisition of GABA spectra with sufficient SNR to allow for reliable quantification of GABA concentration. With an average o6% difference in GABA concentrations both within day and between day, we are capable of detecting smaller differences between groups (Epperson et al, 2002 (Epperson et al, , 2006 Sanacora et al, 1999) or with pharmacologic and nonpharmacologic interventions than those previously observed (Sanacora et al, 2002 (Sanacora et al, , 2008 .
Although these data are compelling, there are several limitations in the generalizability of our findings. The most obvious is that we did not include women in this study. Our group has previously demonstrated menstrual cycle phase differences in GABA concentrations in healthy women (Epperson et al, 2002) and for this reason we chose to focus on males as they would be expected to have less day-to-day variation in GABA concentrations (Epperson et al, 2006) . We could have chosen to study all women in the same menstrual cycle phase. However, the early to midfollicular phase would have been the most ideal as ovarian hormones are consistently low, but this is the time when healthy women tend to have their highest GABA concentrations (Epperson et al, 2002) , perhaps limiting our detection of drug-induced changes in GABA concentration. Sex difference in GABA response to AEDs has not been previously explored and deserves full investigation with women being studied in both follicular and luteal phases of the menstrual cycle.
Our initial in vivo quantification using the LC model (O'Gorman et al, 2011; Provencher, 1993) for the reproducibility studies were inconsistent. In addition, the LC model phantom basis for 7T is not readily available. Hence, our data processing relies on custom-developed processing packages. With this approach, we have obtained consistent quantification of metabolites from within day scans of control subjects.
The detection of GABA resonance using the editing method can be complicated by overlap from macromolecules. However at 7T, the editing pulse becomes more selective because of the increased frequency separation between GABA and macromolecules. Based on the previous study on macromolecular contamination at 7T (Terpstra et al, 2002) , we estimate that macromolecules contribute about 15 to 30% to the estimated GABA concentration in our study. However, macromolecule contamination remains a challenge for accurate quantification of brain metabolites using short echo-time spectroscopy. Methods currently under development include using double inversion recovery for metabolite-nulling to obtain macromolecular spectra, which can be used for subtraction or as prior knowledge for fitting (Kassem and Bartha, 2003; Mader et al, 2002) . Further validation may be needed to test efficiency of macromolecule removal using these methods.
Although gabapentin administration resulted in an increase in GABA concentrations in all subjects, the glutamate response was considerably more variable and there was no overall mean difference in glutamate concentrations between pre-and post-drug administration. However, we cannot rule out that chronic doses of gabapentin would have had a consistent effect on glutamate concentrations as an acute dose failed to alter glutamate concentrations while twice daily dosing for 8 days led to a decrease in glutamate in a rodent model (Leach et al, 1997) . It is possible that healthy individuals have a narrow homeostatic range for GABA concentrations as reflected by the o6% difference in within day and between day values, whereas there is a relatively larger range in glutamate concentration across and between days that is physiologic given the subjects included in this study were free from psychiatric and substance abuse disorders. One potential source of variability between scans conducted on the same day is caffeine withdrawal. Subjects are fasting between scans in a given day and acute caffeine administration increases glutamate concentrations in some brain regions (Solinas et al, 2002) . Glutamate acquisition occurred at the end of each scan session and the quality of the data could have been affected by subject fatigue with having to remain motionless. However, we lost data from only two subjects because of motion artifact.
Finally, what do these data suggest about the relationship between GABA and glutamate in response to treatment with this novel antiepileptic drug? With acute gabapentin dosing, the increase in GABA is predicated on the baseline GABA concentration. Whether chronic gabapentin treatment, which is required for its therapeutic effect, has a similar relationship with baseline GABA concentration is not known. Rodent studies would suggest that gabapentin enhances GAD activity at clinically relevant drug levels, whereas much higher drug levels than are typically obtained in the clinical setting are required to inhibit GABA-T (Silverman et al, 1991; Taylor et al, 1992) . Both drug effects would be expected to lead to an overall increase in GABA concentration similar to that observed in this study. However, gabapentin also reduces calcium influx into glutamatergic terminals contributing to a decrease in glutamate release (Fink et al, 2000) , However, chronic treatment would be necessary most likely to observe an overall change in GABA concentration because of decreased release of glutamate. Moreover, inhibition of calcium influx leads to reduced cytosolic calcium and overall neuronal excitability (Fink et al, 2000) , suggesting gabapentin's antiepileptic mechanism of action could have little to do with acute increases in GABA concentration. Investigation of acute and chronic effects of gabapentin on both GABA and glutamate, particularly in brain regions typically implicated in seizure disorders, would be required to further examine gabapentin's anti-seizure effects in human subjects.
In conclusion, with the largest group to date, we demonstrated GABA-enhancing effects of gabapentin administration in healthy subjects. Glutamate concentrations measured during the same scan did not show a characteristic pattern of response to drug administration and were consistent with findings when no drug was administered. Whether each individual has a tightly controlled homeostatic GABA concentration and relatively greater variability in glutamate concentrations from day-to-day needs to be confirmed in a larger sample. Regardless, these data suggest that future studies focusing on glutamate concentrations in human subjects should account for day-to-day variability and include at least two baseline measurements for each subject. The same does not seem to be true for GABA concentrations, at least not in the visual cortex. Finally, 1 H-MRS conducted at 7T provides an exquisitely sensitive tool for quantification of GABA and glutamate in human subjects at baseline and with pharmacologic manipulation.
